INTRODUCTION
The SE Indian Ocean off southern Java is a key area along the return branch of the global conveyor belt (Gordon 2005) . It is well known that small changes in the sea surface temperature (SST) in this area can result in significant changes of precipitation patterns across the Indo-Pacific region (Neale & Slingo 2003) , the thermocline structure in the southern Atlantic (Hirst & Godfrey 1993 ) and the global heat exchange (Gordon et al. 1992) . The variability pattern in surface primary productivity, chlorophyll a concentration, SST, water mass circulation and the position of the Intertropical Convergence Zone (ITCZ) in the SE Indian Ocean are strongly monsoonal (Gordon 2005 , Qu et al. 2005 , Susanto et al. 2006 .
The island of Java has a unique position in the western Indonesian Archipelago and experiences a strong response to monsoon seasonality. The seasonal swing of the SST is accentuated by Ekman upwelling: during the SE monsoon, southeasterly winds from Australia generate upwelling along the Java and Sumatra coasts (Gordon 2005) . During the NW monsoon, NW winds produce weaker biological responses. Interannual variability in the upwelling intensity is present, probably as a consequence of annual variations in atmosphere-ocean teleconnections (Susanto et al. 2001) . The intensity and seasonality of the monsoonal winds, and their complex interplay with climate phenomena such as the El Niño/Southern Oscillation (ENSO) and the Indian Ocean Dipole (IOD), may therefore be influenced by sea-air exchange processes and the inter-ocean throughflow within the Indonesian seas (Saji et al. 1999 , Webster et al. 1999 , Susanto et al. 2001 .
Information on the temporal dynamics of diatom production is still scarce for the entire Indian Ocean. Based on net samples collected during the Indian Ocean Expedition of the RV 'Meteor', took an inventory of all diatom species encountered within an extensive working area along the NE African coast, the Persian Gulf, the Gulf of Oman and the western coast of India, and included remarks on the distribution and ecology of these species. Koning et al. (2001) studied the diatom composition of settling particles collected in sediment traps off Somalia, NW Indian Ocean. In this area, diatoms represented > 90% of the total siliceous microorganisms. A distinct succession of seasonal diatom species of 'pre-upwellers', 'upwellers' and 'oceanic species' occurred off Somalia (Koning et al. 2001) . Less is known, however, about the seasonal dynamics of diatom populations and the contribution of diatoms to primary production and opal fluxes in the tropical SE Indian Ocean.
Materials collected by sediment trap allow the characterization of the seasonal and interannual variability of bulk and microorganism fluxes. In particular, assessment of the temporal occurrence of planktonic organisms helps in the calibration of species-specific ecological tolerances, as well as in the species potential for paleoceanographic reconstructions in a particular study area. In the present study, we examined a 32 mo continuous record of bulk component, diatom and silicoflagellate fluxes collected at the pelagic JAM site deployed off southern Java at approximately 8°16' S, 108°09' E between November 2000 and July 2003. A central objective of our work was to determine the effect of seasonal and interannual variability of hydrography, winds and nutrient availability on the production and export of diatoms and silicoflagellates. We demonstrated that variations in the qualitative composition of the diatom community mainly follow monsoonal-driven changes in the oceanographic and climatic conditions of the western tropical Indian Ocean. Our observations on the present-day distribution of diatoms off southern Java will help in the interpretation of diatoms as indicators of past environmental changes: mainly those involving variations in upwelling intensity and productivity.
Oceanographic setting
The monsoonal circulation and the seasonal migration of the ITCZ drive the seasonal dynamics of its climate and hydrography off southern Java. During the austral summer (boreal winter), a southerly position of the ITCZ and the seasonal occurrence of the NW monsoon lead to an accumulation of large amounts of moisture gathered by crossing SE Asian and Indonesian seas and resulting in heavy rains in Sumatra and Java (Gordon 2005) . During the austral winter (boreal summer), the SE monsoon originates in the high-pressure belt of the southern hemisphere and is relatively dry and cool when it reaches Indonesia (Gordon 2005) . The SE monsoon gains moisture from the Indonesian and SE Asian seas and meets the ITCZ in a northerly position, leading to heavy precipitation on the SE Asian mainland. The SE winds also foster coastal upwelling south of Java, which is associated with lower SSTs and higher chlorophyll a concentrations (Gordon 2005 , Susanto et al. 2006 .
Ocean currents in the SE Indian Ocean move according to the wind regime. During the NW monsoon season, the South Java Current, derived from the Equatorial Counter Current (Fig. 1) , moves towards the southeast to meet the Leeuwin Current, a narrow strip of warm, saline waters that originates in the eastern part of the Indonesian Archipelago (Tomczak & Godfrey 1994) . The South Java Current and the Leeuwin Current combine to form the South Equatorial Current, which moves westward at ~15°S (Fig. 1) . In the SE monsoon season, the South Java Current takes an opposite direction, flowing northwestward and feeding the South Equatorial Current, thus reducing its contribution to the Leeuwin Current. Advection of fresher Java Sea waters through the Sunda Strait and run-off from Sumatra and Java are responsible for the low-salinity 'tongue' in the South Java Current (Qu et al. 2005) . The thick barrier layer off Sumatra that prevents cold thermocline water from entering the mixed layer explains why the SST depression off Sumatra is small compared to other eastern boundary upwelling areas (Qu et al. 2005 ).
The Indonesian Throughflow, the only present-day, low-latitude oceanic connection between the major ocean basins, enters the Indian Ocean as a response to the higher steric height in the Pacific Ocean (Gordon 2005) . The Java upwelling system is counterbalanced by increases in the Indonesian Throughflow and, consequently, except for brief periods, fails to bring subsurface nutrients to the surface (Godfrey 1996) . In addition, the Indonesian Throughflow flows through the Lombok Strait, also neutralizing a significant SST depression off Java during the upwelling season.
MATERIALS AND METHODS

JAM mooring site.
A time-series sediment trap MARK VII was deployed at a water depth of approximately 2200 m at the JAM site (08°16.4'S, 108°08.96'E; Fig. 1 ) between November 2000 and July 2003 (Rixen et al. 2006) . During the sampling period, 55 samples were taken, with a time resolution varying between 12 and 22 d. Details on sampling intervals and daily fluxes are presented in Table 1 .
Chemical analyses of bulk biogenic particles. We followed the methods previously detailed in Rixen et al. (2006) . Total carbon and organic carbon were determined using a Carlo Erba Nitrogen Analyzer 1500. Calcium carbonate results were derived from the difference between total and organic carbon. Opal concentration was determined photometrically after extraction of silicon with a sodium carbonate solution (Mortlock & Froelich 1989) .
Siliceous phytoplankton analysis. For the present study either 1/16 or 1/64 splits of the original samples were used. Samples were rinsed with distilled water and prepared according to the methodology described by Romero et al. (1999 Romero et al. ( , 2000 . Diatom and silicoflagellate analyses were carried out on permanent slides of acid-cleaned material (Mountex mounting medium). Qualitative and quantitative analyses were done at 1000× magnification using a Zeiss-Axioscope with phase-contrast illumination. Several traverses across the slide were examined, depending on abundance (between 400 and 750 valves slide -1 were counted). Each diatom was identified to the lowest taxonomic level possible. Silicoflagellates were only identified at group level. Counting of 2 replicate slides indicated that the analytical error for the diatom and silicoflagellate flux estimates was ≤ 15%. The resulting counts yielded the abundance of individual diatom taxa as well as daily fluxes of diatom valves and silicoflagellate skeletons m -2 d -1 calculated according to Sancetta & Calvert (1988) , as follows: Fig. 1 . Schematic map of the study area showing the principal surface currents (black arrows; after Gordon & Fine 1996) . The gray shading (darker shades indicate greater intensity) represents the upwelling area off Java and Sumatra. The insert depicts the location of the mooring site JAM off southern Java in the SE tropical Indian Ocean where (N) is the number of specimens (valves), in an area (a), as a fraction of the total area of a Petri dish (A) and the dilution volume (V) in milliliters. This value is multiplied by the sample split (Split), representing the fraction of total material in the trap, and then divided by the number of days (days) of deployment and the trap collection area (D). Principal components analysis. To investigate thecovariability between the different diatom populations, as observed in a preliminary analysis of the temporal distribution of species, a principal component analysis (PCA) was carried out by means of SPSS, Version 15.0.1 (http://support.spss.com/Products Ext/SPSS/Patches/SPSSforWindows/). The extraction of principal components amounts to a variance maximizing (varimax) rotation of the original variable space. The criterion for the rotation is to maximize the variance (variability) of the 'new' variable (factor), while minimizing the variance around the new variable. Out of approximately 150 diatom species recognized in 55 sediment trap samples, the PCA covered the 22 most abundant diatom species. The average relative contribution of each of these 22 diatoms exceeds 1% for the entire sampling period. The diatom dataset from the JAM sediment trap results in 5 factors (diatom Groups 1 to 5) that account for ca. 76% of the original variance.
RESULTS
Total particle flux
Total particle flux peaked in every NW and SE monsoon season, except for the NW monsoon season in 2002 (Table 1 
Seasonal and interannual variations in diatom fluxes
The diatom flux ranged from 5.4 × 10 5 to 1. Fig. 3 ). 
Temporal variations in the abundance of diatom species
The opal fraction at the JAM site comprised 165 marine and 13 freshwater diatoms, silicoflagellates, radiolarians, phytoliths and the dinoflagellate Actiniscus pentasterias. The complete list of diatom species is given in Appendix 1. In terms of the numbers of individuals, diatoms dominated the opal fraction throughout the year: their flux was always 1 to 4 orders of magnitude higher than that of the other siliceous organisms encountered. Fig. 3 depicts the temporal variations in the fluxes of diatoms and silicoflagellates.
The most important contributors to the diatom flux were the pelagic species Nitzschia bicapitata (average relative contribution for the entire sampling period = 15.0%), Thalassionema nitzschioides var. parva (8.5%), N. interruptestriata (4.4%), Thalassionema bacillare (3.0%), Thalassiosira subtilis (2.3%), Rhizosolenia bergonii (2.0%), Planktoniella sol (1.9%), Fragilariopsis doliolus (1.9%), Thalassiosira oestrupii var. oestrupii (1.3%), N. sicula (1.2%), Thalassiosira lineata (1.2%), Thalassionema nitzschioides var. inflata (1.2%), Rhizosolenia setigera (1.1%) and Azpeitia tabularis (1.0%). Several neritic diatoms contributed seasonally to the flux: Thalassionema nitzschioides var. nitzschioides (9.7%), resting spores of Chaetoceros spp. (6.6%), Actinocyclus curvatulus (5.9%), Thalassiosira oestrupii var. venrickae (4.6%) and Cyclotella litoralis (1.0%).
Due to the high diversity of the diatom assemblage at the JAM site and in order to summarize the ecological information delivered by the main diatom contributors, we applied PCA to the relative abundance (%) of 22 diatom species. The first 5 components explained 76% of the total variance (Tables 2 & 3 (Fig. 4) . Group 3 comprised a mixture of coastal components, such as spores of an unidentified Chaetoceros species and Thalassionema nitzschioides var. nitzschioides, accompanied by pelagic Thalassionema bacillare and R. setigera, and explained 11.5% of the total variance. Group 3 peaked mainly during the NW monsoon season (Fig. 4) . The coastal diatoms Actinocyclus curvatulus and Thalassiosira oestrupii var. venrickae were the main components of Group 4, with minor contributions from the pelagic Thalassiosira lineata. The temporal occurrence of Group 4 resembled that of Group 2. Group 5 mainly represents a coastal upwelling-related signal comprised of 2 resting spores of Chaetoceros spp. (C. affinis and C. compresus) (7.5% of the total variance). 
DISCUSSION
Variations in the magnitude of fluxes at the JAM site mirrored the temporal variability of hydrographic and atmospheric conditions off southern Java in the SE tropical Indian Ocean. Good correlations between diatoms and organic carbon (r = 0.68, n = 55) and diatoms and opal (r = 0.69, n = 55) show that the seasonal cycle of diatom production and export was strongly coupled with the monsoon's seasonality. The dependence of diatom production on nutrient availability is clearly shown by the monsoon-driven seasonality of fluxes: almost 70% of the total annual diatom flux was intercepted during the NW and SE monsoon seasons at the JAM site (Fig. 5) . Enhanced fluxes of diatoms, opal and organic carbon towards the end of the NW monsoon seasons were related to the riverine nutrient input and the subsequent development of a diatom-dominated phytoplankton bloom. During the SE monsoon season, the entrainment of nutrients from the subsurface into surface waters due to upwelling was found to enhance flux.
SE monsoon
The highest diatom, opal and organic carbon fluxes recorded between June and August reveal the greatest seasonal effect on the productivity of surface waters along the southern coast of Java in response to the SE monsoon upwelling season (Moore et al. 2003) . The biweekly averaged flux rate of organic carbon and the siliceous fraction (opal, diatoms and silicoflagellates) shows double peaks, one at the beginning and one at the end of the upwelling SE monsoon season (Fig. 5) . Maxima of bi-weekly averaged fluxes early in the SE monsoon upwelling season were probably due to the shallowing out of the mixed layer and the associated input of nutrients from subsurface waters as a consequence of the increasing wind stress (Qu et al. 2005 ). The second peak at the end of the SE monsoon season is related to the bloom of diatoms due to the occurrence of upwelling off southern Java.
During our trap experiment, the weak La Niña conditions turned into weak ENSO conditions in early 2002, as indicated by the Southern Oscillation Index falling from 2 to -1.5 (Fig. 4) . It has been proposed that 75 ENSO suppresses the build up of the buoyant lowsalinity layer during the NW monsoon, due to its impact on precipitation rates over Indonesia (Rixen et al. 2006) . Since this layer caps off the nutrient-enriched subsurface waters and has to be removed in order to allow nutrients to upwell, a thinner, low-salinity layer is responsible for the increase in the mean SE monsoon fluxes under ENSO conditions (Rixen et al. 2006 (Fig. 4) . Seasonal differences in the magnitude of opal and diatom maxima can be seen for the JAM site. Although the opal fluxes during the 2003 SE monsoon increased after the preceding moderate ENSO conditions, the diatom flux was higher during the SE monsoon in 2001 than in 2003 (Fig. 3) . The composition of the diatom assemblage, as well as the degree of silicification and size of the valves, might have contributed to the different magnitudes of the opal and diatom maxima. While diatoms attributed to PCA Groups 2, 3 and 5 were the main contributors to the SE monsoon peak in 2001, a much more diverse assemblage occurred during the 2003 SE monsoon (Fig. 6) .
Temporal changes in the species composition of the diatom community at the JAM site off Java were related to the seasonal dynamics of the main hydrographic and atmospheric conditions in the tropical SE Indian Ocean. The occurrence of resting spores of Chaetoceros spp. (Group 5), typical of high-productivity, coastal upwelling regimes of low-to-intermediate latitudes in the world's oceans (Romero et al. 2001 (Romero et al. , 2002 (Romero et al. , 2009 , revealed high nutrient input during the upwelling periods associated with the SE monsoon. After the dominant La Niña conditions in 2001, a stronger riverine discharge followed during the SE upwelling season 2001 off southern Java. Since the contribution of Chaetoceros spp. resting spores increased during the late SE upwelling season in 2001 (Fig. 6) , we speculate that the moderate flux of opal during the later phase of the SE monsoon in 2001 was a consequence of less-silicified valves produced in surface waters.
Intermonsoon
The transition months between monsoon seasons, April/May and October/November, showed the lowest wind speed and Table 2 for qualitative composition of diatom groups). The Southern Oscillation Index from the NOAA Climate Prediction Center (www.cpc.ncep.noaa.gov/data/indices) and the sea surface temperature (SST, °C) are also shown. Grey shading highlights the NW and SE upwelling seasons. ENSO: El Niño/Southern Oscillation wind stress off southern Java (Susanto et al. 2006) . The weakening of the wind system was coupled with the uninterrupted rise in SST (Fig. 4) , the reduction in the vertical mixing and the decrease of the nutrient content in the upper water column (Susanto et al. 2001 ). The diatom assemblage quickly responded to the changing atmospheric and oceanographic conditions during the intermonsoon periods off southern Java (Fig. 6) . The dominance of diatom Group 1 during intermonsoons mirrored the highly stratified, nutrient-depleted surface waters and low primary productivity (chlorophyll a < 0.2 mg C m -3 h -1
; Qu et al. 2005 , Susanto et al. 2006 . It is well known that small Nitzschia bicapitata and N. interruptestriata, main contributors to Group 1, are common components of the open-ocean, nutrient-poor waters of tropical and subtropical areas of the world's oceans during periods of productivity collapse, following the shutdown of nutrient entrainment and the onset of stratification (Romero et al. 1999 (Romero et al. , 2000 . Similarly, Koning et al. (2001) associated high numbers of N. bicapitata off Somalia with the retreating monsoonal upwelling in the western Indian Ocean.
NW monsoon
Weakened river discharge under ENSO conditions was assumed to cause the flux decrease by late 2002 during NW monsoons off southern Java (Rixen et al. 2006) . (Fig. 4) . The impact of river discharge on export fluxes off Java and Sumatra might play an important role in the spatial variation of collected fluxes. In areas where the terrestrial nutrients are not consumed and exported from the euphotic zone, the biological production is generally enhanced, while enhanced stratification in the upper water column reduces the input of nutrients into subsurface waters (Ittekkot et al. 1991) . Accordingly, we have interpreted that the occurrence of high fluxes during the NW monsoon in 2002/2003 was mainly caused by the input of nutrients from subsurface waters, due to the ENSO-driven, weakened freshwater discharges, which led to stronger vertical mixing. Our assumption was supported by the increased flux of lithogenics (Fig. 2) , considered to be indicative of both stronger riverine input (Hendiarti et al. 2004 ) and increased availability of nutrients in surface waters off southern Java (Rixen et al. 2006 and references therein).
Further support for our interpretation is given by the diatom community thriving at the JAM site. Diatoms of Group 3, mainly Thalassionema nitzschioides var. nitzschioides, represented nutrient-enriched coastal conditions associated with the occurrence of the NW monsoon season off southern Java (Fig. 6) . The presence of T. nitzschioides var. nitzschioides indicated ), while diatom fluxes measured over the Somalian slope were 1 order of magnitude higher (Koning et al. 2001) . This difference might reflect (1) higher values of primary production of the surface waters (Antoine et al. 1996) and silicate content in the subsurface waters off Somalia (Ragueneau et al. 2000) , or (2) year-to-year differences due to different sampling periods.
During the moderate 2002/2003 ENSO, the qualitative composition of the diatom assemblage revealed only moderate changes off southern Java. Probably as a response to ENSO occurrence and the associated intensification of the upwelling, the contribution of diatom Group 5 increased by the late SE monsoon season in 2002 (Fig. 6 ). Immediately following this, an enhanced contribution of Group 2 diatoms in the SE to NW monsoon transition reflected similar hydrographic conditions to those already described for diatom Group 1: waters of low-to-moderate nutrient content and diatoms occurring most abundantly when stratification is high. The low relative contribution of diatom Group 1 points to more productive surface waters under the preceding La Niña conditions than during transition periods.
The response to ENSO events shown by the trapped diatom assemblage differed among various regions of the world's oceans. Although total diatom fluxes in the subarctic Pacific Ocean decreased significantly in response to the 1982/1983 ENSO, the composition of the diatom flora revealed only minor changes (Takahashi 1987) . Similarly, the upwelling-associated resting spores of Chaetoceros spp. dominated the diatom community in coastal waters off northern Chile under both ENSO and La Niña conditions (Romero et al. 2001) . On the contrary, significant changes in the qualitative composition of the diatom community in other low-latitude coastal systems were related to the occurrence of ENSO. An increase in the relative contribution of eastern tropical Pacific diatoms and the simultaneous decrease of coastal-upwelling diatoms in the Santa Barbara Basin in 1997/1998 were associated with warm-water incursions into the near-shore area off California and decreased upwelling intensity due to the occurrence of ENSO (Lange et al. 1997 ). In the Cariaco Basin off Venezuela, the composition of the diatom assemblage showed a major shift during the boreal winter following the strong 1997/1998 ENSO: the highly diverse diatom assemblage during ENSO years comprised a mixture of pelagic and coastal planktonic diatoms, while only coastal diatoms dominated during La Niña years in the same region (Romero et al. 2009 ). However, a comprehensive understanding of the ENSO-driven forcing on the interannual variability of diatom fluxes in the tropical Indian Ocean requires further investigation, which should be complemented by longer term data sets to establish more clearly its role in the development of the diatom community response and the cascade to the rest of the food web.
CONCLUSIONS
A central objective of our work was to determine whether and when the production and export of particulates, diatoms and silicoflagellates off southern Java occurs. To answer this question we followed the yearround flux of particulates and the quantitative and qualitative changes of the trapped diatom assemblage for ca. 2.5 yr. Our main observations are summarized as follows:
(1) Fluxes of diatoms, opal and organic carbon were highest during the NW and SE monsoon seasons off southern Java. During the SE monsoon season, the flux dynamics were driven by the occurrence of upwelling, whereas riverine nutrient input seems to be the main mechanism behind the increase of fluxes during the NW monsoon season.
(2) The occurrence of ENSO has a moderate effect on the production and export of diatoms. The ENSOinduced reduction of riverine nutrient discharge increased the fluxes during both monsoon seasons by weakening the stratification in the upper water column.
(3) Diatoms were the most important contributors to opal production and export measured off southern Java. The highly diverse diatom community at the JAM site was a mixture of representatives from pelagic conditions (mainly Nitzschia bicapitata, N. interruptestriata and N. sicula) , high productivity, coastal upwelling (resting spores of Chaetoceros spp., Thalassionema nitzschioides var. nitzschioides and Cyclotella litoralis) and coastal planktonic diatoms (Actinocyclus curvatulus and Thalassiosira oestrupii var. venrickae). The dominance of pelagic, tropical/subtropical diatoms with secondary contributions by upwelling-associated and coastal planktonic diatoms reflected the influence of both offshore and coastal waters, with considerable hydrographic variability over short time intervals. 
